Sendai virus envelopes devoid of hemagglutinin-neuraminidase but containing the fusion protein (F-virosomes) were prepared. F-virosomes exhibited discernible serine protease activity at neutral pH. Electrophoretic analysis of the protein profile of the F-virosomes under nonreducing conditions, by both sodium dodecyl sulfate-polyacrylamide gel electrophoresis and isoelectric focusing, led to the identification of a previously unknown glycoprotein with a relative molecular weight of 45,000 (45K protein) associated with the F protein. The identity of the 45K protein, as distinct from F protein, was established by Western blot analysis with F-and 45K-specific antibodies. This 45K protein forms a nexus with the F protein through noncovalent hydrophobic interactions, as proved by its sensitivity to urea treatment, and it is essential for the proteolytic activity of the F-virosomes as well as for the fusion of the viral envelope with host cell membrane. N-terminal sequence analysis (first 11 amino acids) of this protein showed strong homology (>90%) to flavivirus NS3 serine proteases but no similarity to any of the Sendai viral proteins. On the basis of the N-terminal sequence, oligonucleotides were designed corresponding to the sense and antisense DNA sequences. Dot blot hybridization and primer extension with these oligonucleotides with the viral and the host genome confirmed the host origin of this protein. Further, the limited proteolytic digestion of the target membrane resulted in significant inhibition of viral fusion with it. On the basis of these results, we postulate a model for the molecular mechanism of F protein-induced membrane fusion, which may provide a rationale for other paramyxoviruses.
Sendai virus, with a negative-strand RNA genome, belongs to the family of paramyxoviruses and fuses at neutral pH with the cellular plasma membrane (11) . The viral genome is known to encode two transmembrane glycoproteins, hemagglutininneuraminidase (HN) and fusion factor (F). While HN protein helps the virus to attach to its target cell membrane, by binding to terminal sialic acid-containing receptors, F protein is essential for the fusion of the viral envelope with the host cell membrane, leading to the internalization of the viral genome. The F protein is synthesized as a precursor, F 0 , which is subsequently cleaved by host proteases into its biologically active form, composed of F 1 and F 2 subunits, with relative molecular weights of 45,000 and 14,000 (45K and 14K proteins), respectively, linked by disulfide bonds (35) . As a result of this cleavage, an extremely hydrophobic domain, termed fusion peptide, is exposed at the amino terminus of the F 1 subunit, which probably undergoes a conformational change during fusion (25) . This fusion peptide is highly conserved among paramyxovirus F proteins and is known to directly catalyze membrane fusion (32) . However, the molecular mechanism underlying membrane fusion induced by paramyxovirus fusion protein is not yet fully understood. It was suggested earlier that proteolytic enzymes may be involved in the fusion process at neutral pH (29) . This is consistent with serine protease-like activity associated with Sendai virus and its reconstituted envelopes (Fand HN-virosomes) with both F and HN glycoproteins (21) . We have recently established that Sendai virus F protein in F-virosomes can induce complete membrane fusion, provided that the latter are bound tightly to the target cell membrane (5, 9, 23) . Our results are consistent with the studies on other paramyxoviruses which show F protein in absence of HN can induce syncytium formation (2, 19) . However, unlike influenza virus (and other enveloped animal viruses which exhibit pHdependent membrane fusion) (39) , the trigger for the paramyxovirus F protein-induced fusion of lipid bilayers is not known. Although induction of membrane fusion through a conformational change in the F protein is an attractive hypothesis (25) , it is difficult to comprehend how this change occurs at neutral pH under normal physiological conditions.
To shed some light on the mechanism of Sendai virus F protein-induced membrane fusion, we prepared F-virosomes as reported by us previously (5) and identified a distinct serine protease activity associated with them. We demonstrate that a previously unknown glycoprotein (45K, distinct from F protein) is attached with the F protein by noncovalent hydrophobic interactions which copurifies with the F protein. Hence, the F-virosome preparations described herewith contains both the F and 45K glycoproteins. Our results suggest a direct involvement of the protease activity of the F-45K complex in the virus-target cell membrane fusion. Viral envelopes deficient in 45K protein were found to be devoid of proteolytic and fusogenic activities. The dot blot hybridization with oligonucleotides derived from the N-terminal sequence of the 45K protein and the primer extension analysis led to the conclusion that this protein is encoded by the host genome. In addition, our studies on the fusion of viral envelope with protease-treated target cell membrane indicate the existence of a putative proteinaceous receptor for Sendai virus. These results are discussed in the context of fusion active conformational changes in the F protein under the influence (trigger) of the 45K partner.
MATERIALS AND METHODS
Abbreviations. F, fusion factor; HN, hemagglutinin-neuraminidase; TX-100, Triton X-100; PMSF, phenylmethylsulfonyl fluoride; APMSF, (4-amidinophenyl)-methanesulfonyl fluoride; RCA l , Ricinus communis agglutinin; NP-40, Non-idet P-40; HRBC, human erythrocytes; R18, octadecylrhodamine; M-MuLV, Moloney murine leukemia virus; CAM, chorioallantoic membrane, DTT, dithiothreitol; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; PAS, periodic acid-Schiff; TCA, trichloroacetic acid; HIV, human immunodeficiency virus; PBS, phosphate-buffered saline.
Reagents. Octadecylrhodamine (R18) was purchased from Molecular Probes (Eugene, Oreg. Cells. HeLa and MDCK cells obtained from the American Type Culture Collection, Rockville, Md., were grown at 37°C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 100 U of penicillin per ml, and 100 g of streptomycin sulfate per ml in 25-cm 2 plastic bottles (Falcon, Becton Dickinson, Paramus, N.J.).
Virus and preparation of F-virosomes. Sendai virus (Z) was grown in the allantoic sac of 10-day-old embryonated chicken eggs incubated at 37°C (the normal temperature of propagation) or at 38.5 or 40°C. The virus was harvested and gradient purified as described elsewhere (31) . Reconstituted Sendai virus envelopes containing F glycoprotein (F-virosomes) were prepared as reported by Bagai et al. (5) . These F-virosomes were used to raise antibodies in rabbit or else radiolabelled with Na 125 I by the chloramine-T method (41) . Electrophoretic analysis and isoelectric focusing. Sendai virus and F-virosomes were resolved by SDS-PAGE in a separating gel containing 10% acrylamide and 0.27% bisacrylamide in the presence of 1.0% SDS under reducing and nonreducing conditions. The discontinuous buffer system and the method of sample preparation were as described by Laemmli (24) and were used under conditions in which the pH of the resolving gel buffer was increased from 8.8 to 9.2 by using the modifications of Makowski and Ramsby (26) . The protein bands were visualized by Coomassie blue staining (0.25% Coomassie blue R-250 in 35% methanol-10% acetic acid), Western blotting (38) with anti-F-virosome antibodies, or autoradiography (5) with 125 I-labeled F-virosomes. Isoelectric focusing was carried out with ampholytes in the pH range 3.5 to 10.0 in a separating gel containing 3.8% acrylamide and 2% bisacrylamide under nonreducing conditions in the presence of 2% NP-40 and 9 M urea (22) . The glycoprotein nature of the bands was checked by PAS staining or Western blotting with RCA l binding followed by developing with anti-ricin antibodies and protein A-horseradish peroxidase conjugate.
Development of anti-F and anti-45 K polyclonal sera. Following SDS-PAGE of F-virosomes under nonreducing conditions, as described above, the F and 45K bands were cut and electroeluted in 0.2 M Tris (pH 7.4)-1% SDS containing 7 mM PMSF. BALB/c mice were given subcutaneous injections of 50 g of F or 45K protein per injection. The animals were immunized initially with complete Freund's adjuvant and on days 10 and 20 with incomplete Freund's adjuvant. Blood was collected on day 30, and serum was prepared. The specificities of these polyclonal antisera and the monoclonal antibody against F protein were analyzed by Western blot analysis under both reducing and nonreducing conditions, as mentioned above.
Protease assay. Histone (type IIs, from calf thymus) was radiolabelled by the chloramine-T method with Na 125 I as the iodine source and used as a substrate as reported by Israel et al. (21) . F-virosomes (100 g) were incubated with 10 g of 125 I-histone (6 ϫ 10 4 cpm/g) for 5 h at 37°C in 100 l of PBS (10 mM Na 2 HPO 4 , 150 mM NaCl [pH 7.4]). F-virosomes subjected to heat treatment at 56°C for 20 min or treated with either 7 mM PMSF or 2 mM APMSF for 30 min at 37°C served as controls. After 5 h of incubation, all the samples were precipitated with chilled 10% TCA, and the precipitates were washed. The washed precipitates were solubilized in 0.5 N NaOH, and radioactivity was measured in a gamma counter. The percent degradation of 125 I-histone was estimated from the decrease in TCA-precipitable radioactivity and corrected with data from appropriate controls. Alternately, after 5 h of incubation, samples were prepared for electrophoresis. These samples were resolved by SDS-PAGE on a 10% gel and subjected to autoradiography to manifest histone degradation.
Reconstitution experiment. F-virosomes (1 mg) were suspended in 1 ml of 6 M urea solution in PBS, with samples in 1 ml of PBS as controls, and incubated at room temperature for 30 min with gentle rocking. The suspensions were then centrifuged at 100,000 ϫ g for 1 h at 4°C. The supernatants (about 1 ml) were dialyzed against PBS at 4°C (for 12 to 14 h), while the pellets were washed three times with 5 ml of cold PBS to remove residual urea and finally suspended in 1 ml of PBS. Half of the washed urea-treated F-virosomes (0.5-ml suspension) were used for the reconstitution experiment, while the other half were kept at 4°C till further use. For reconstitution, 0.5 ml of urea-treated F-virosomes was pelleted at 100,000 ϫ g and resuspended in the corresponding dialyzed supernatants. Such suspensions were incubated at room temperature for 3 h with mild shaking and then centrifuged at 100,000 ϫ g for 1 h, and the pellets were washed three times with 5 ml of cold PBS. The protein content was estimated in both the treated and reconstituted F-virosome suspensions by the method of Markwell et al. (27) . Aliquots were withdrawn from both the urea-treated and reconstituted F-virosomes and resolved by SDS-PAGE under nonreducing conditions on a 10% gel (as described above) followed by Western blotting with anti-F-virosome serum. A protease assay was also carried out with the above samples, as described above. Sendai virus was treated, as above, with PBS (control) and with 6 M urea and used to determine the hemolytic activity as described below.
Membrane fusion assays. (i) Fluorescence dequenching assay. Sendai virus, grown at different temperatures of propagation, was labeled with R18 as described by Hoekstra et al. (18) . Briefly, R18-labeled Sendai virus (25 g) was mixed with 1% HRBCs in 1 ml of PBS and incubated at 4°C for 40 min. The virus-HRBC complexes were washed three times at 1000 ϫ g in 5 ml of the same chilled buffer to remove unbound virus and finally suspended in 1 ml of PBS. This suspension was then incubated for various times at 37°C. Fluorescence changes as a result of fusion of R18-labeled Sendai virus with HRBCs, at various time points, were measured with a spectrofluorometer (model RF 540; Shimadzu Corp., Kyoto, Japan). A 100-l portion of the virus-HRBC suspension (after various times of incubation at 37°C) was placed into a cuvette containing 3 ml of PBS, and fluorescence was measured at 560 and 590 nm (excitation and emission wavelengths). The fluorescence dequenching (%FDQ) data were normalized and calculated according to the following equation:
, where F and F T are the fluorescence (arbitrary) units at a given time point and in the presence of 0.1% TX-100, respectively and F 0 is the observed fluorescence after incubation at 4°C.
(ii) Hemolysis. HRBC were isolated from fresh blood, and 1 ml of 1% HRBC suspension was incubated with 5 g of Sendai virus (after various treatments and grown at various temperatures) at 4°C for 40 min. The virus-HRBC complexes were washed with 5 ml of cold PBS to remove unbound virus. Finally, the washed virus-HRBC complexes were suspended in 1 ml of PBS and incubated at 37°C for 30 min. The virus-cell fusion was measured as the percent hemolysis of the RBCs as detected by the release of hemoglobin from the lysed cells (5) . The amount of hemoglobin released in the presence of 0.3% TX-100 was taken as 100% lysis.
Limited proteolysis of the target membrane with proteinase K. Fresh HRBCs were obtained from volunteers in our department. Limited proteolytic digestion of HRBC membrane was carried out by incubating 10% (vol/vol) HRBCs in PBS containing 2 mg of proteinase K per ml at 37°C for different times (15 min to 2 h). A 1-ml volume of 1% treated HRBC suspension (with HRBCs incubated in PBS for the same time at 37°C as positive controls) was incubated with 2 g of Sendai virus at 4°C for 40 min, and the virus-HRBC complexes were washed with 5 ml of cold PBS to remove unbound virus. Finally, the washed virus-HRBC complexes were suspended in 1 ml of PBS and incubated at 37°C for 30 min. The virus-cell fusion was measured as the percent hemolysis of the HRBCs as detected by the release of hemoglobin from the lysed cells (5) . The percent inhibition of hemolysis was determined by comparison with the respective positive controls.
N-terminal sequencing. The N-terminal (11 amino acids) sequencing of the 45K glycoprotein was performed as previously described (28) . Briefly, the protein band was cut from a Coomassie blue-stained polyvinylidene difluoride membrane blot and subjected to amino acid sequencing on a J477A protein sequencer (Applied Biosystems). The determined sequence was subjected to a sequence homology search (3) . The sequence of the N-terminal 11 amino acids of the 45K protein was found to be EGVFHTLWHXT.
Preparation of genomic DNA and total RNA. Genomic DNA from CAM, HeLa cells, and MDCK cells was prepared by SDS and proteinase K digestion followed by ethanol precipitation as described previously (33) . Total cellular RNA from uninfected and Sendai virus-infected CAM as well as HeLa and MDCK cells and Sendai viral genomic RNA were prepared by the acid guanidine phenol method as described previously (14) .
Design and synthesis of oligonucleotides. From the determined N-terminal sequence, two 28-mer degenerate oligonucleotides were prepared, keeping in view the viral codon usage (11) , with the sequence 5Ј-GAGGGGGTGTTCCAT(C)ACACT G(T)TGGCAT(C)A-3Ј (sense sequence, oligonucleotide 1) and its complementary sequence (oligonucleotide 2). The oligonucleotides were synthesized on a DNA synthesizer (Applied Biosystems) and purified on an Oligo Pac column. Dot blot hybridization. Dot blot hybridization of infected CAM DNA and total RNA, and the viral genomic RNA with 32 P-labeled oligonucleotides (labeled at their 5Ј termini by transfer of ␥-32 P from [␥-32 P]ATP with T4 polynucleotide kinase [33] ) was performed for 12 h at 37°C in 6ϫ NET (1ϫ NET is 150 mM NaCl, 15 mM Tris-HCl [pH 8.0], and 1 mM EDTA) containing 0.1% SDS, 5ϫ Denhardt's reagent, 20 mM sodium phosphate (pH 7.0) and 200 g of herring sperm DNA per ml. The filters were washed five times for 5 min each with 6ϫ SSC (1ϫ SSC is 150 mM NaCl plus 15 mM sodium citrate) containing 0.1% SDS at room temperature and then once with the same buffer at 42°C before exposure to X-ray film.
Primer extension. The 32 P-labeled oligonucleotide 1 (homologous to the 45K mRNA sequence) and oligonucleotide 2 (complementary to the mRNA sequence) were annealed to 20 g of total RNA from both the infected and uninfected CAM, uninfected HeLa and MDCK cells, and genomic RNA of Sendai virus in 50 mM Tris-HCl (pH 8.3) containing 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 500 M deoxynucleoside triphosphates, and 1,000 U of RNasin (Sigma) per ml. Annealed primer was extended with 300 U of M-MuLV reverse transcriptase (United States Biochemicals) at 37°C for 1 h (33). The products were analyzed by 5% acrylamide-8 M urea gel electrophoresis followed by autoradiography.
RESULTS

Electrophoretic analysis of Sendai virus and F-virosomes.
The protein composition of the F-virosomes was examined by SDS-PAGE in the presence and absence of 2-mercaptoethanol. Under reducing conditions, the Coomassie blue staining of the gel revealed two bands (Fig. 1A, lane 2) corresponding to 45K and 14K, respectively while in the nonreducing gel of the F-virosomes, two bands of 60K and 45K were visible (lane 1). Similar profiles were obtained when the bands were visualized by Western blotting with anti-F-virosome serum (Fig. 1B) or when 125 I-labeled F-virosomes were resolved by SDS-PAGE under similar conditions followed by autoradiography (Fig.  1C) . Under nonreducing conditions, F protein migrates as a band of 60K comprising of both the subunits F 1 and F 2 . Here, a discernible band of 45K was also visible, but F 2 was not visualized even by Western blotting and autoradiography. Under reducing conditions, the 45K protein comigrates with the F 1 subunit of F protein. The increase in the intensity of the 45K band under reducing conditions, where F 1 and 45K comigrate, is smaller than expected, since F 2 protein (attached to F 1 under nonreducing conditions) dissociates from F 1 under reducing conditions and migrates as a distinct band of 14K. Purified Sendai virions (egg grown), when electrophoresed under similar conditions, exhibited an additional protein band corresponding to 45K in the absence of reducing agent (Fig. 2, lane  2) . As observed for F-virosomes, this 45K protein comigrates with F 1 under reducing conditions (lane 1). Similar electrophoretic analysis of Sendai virus grown in MDCK cells, by the method of Paterson and Lamb (30) , also revealed the presence of the 45K protein (data not shown). Further evidence in support of the 45K protein is provided by isoelectric focusing of the F-virosomes under nonreducing conditions, which revealed an additional protein at pI 3.7 distinct from F protein (pI 4.9) (36) (Fig. 3) . The 45K band was stained by PAS staining for sugars, confirming that it was a glycoprotein (Fig. 4B) . The proteins from F-virosomes were resolved by SDS-PAGE under nonreducing conditions, transferred to nitrocellulose paper, and tested for binding with RCA 1 followed by Western blotting with anti-RCA 1 antibodies (Fig. 4A) . The 45K protein is specifically recognized by the lectin, revealing that its oligosaccharide chains contain a terminal galactose moiety.
Establishment of the identity of the 45K protein.
In our attempt to confirm that this 45K protein is not F 1 or some fragment of the F protein, we have raised polyclonal antisera against the purified F and 45K proteins in mice and verified our results further with the help of known anti-F monoclonal antibodies. It is clear from the Western blot analysis of purified virions under nonreducing conditions that neither polyclonal anti-F sera (Fig. 5a , lane 1) nor anti-F monoclonal antibodies (lane 3) could bind to the 45K protein. On the other hand, polyclonal anti-45K sera (lanes 5 and 6) was not able to light up the band containing F protein. However, both anti-F polyclonal (lane 2) and monoclonal (lane 4) antibodies could bind to F 1 polypeptide, as is evident from the Western blot analysis of intact virus under reducing conditions. Western blot analysis of purified F and 45K proteins and F-virosomes under nonreducing conditions also exhibited no cross-reaction between Fand 45 K-specific antibodies (Fig. 5b) . This kind of specificity of immune interaction supports the notion of 45K being the additional virus-associated protein.
Characterization of the protease activity in F-virosomes. F-virosome-induced proteolytic degradation of 125 I-histone was quantitated by decrease in the TCA-precipitable radioactivity. F-virosome-induced 125 I-histone degradation was also recorded by autoradiography (data not shown). The F-virosome preparation exhibited protease activity, with an optimum temperature of 37°C and pH 7.0 Ϯ 0.5 (data not shown). This protease activity was shown to be inhibited (Ͼ90%) by serine protease inhibitors (7 mM PMSF and 2 mM APMSF) and by incubation of F-virosomes at 56°C for 20 min. The optimum conditions for protease activity were similar to those required for virus-cell fusion, and the treatments inhibiting it are also known to inhibit F protein-mediated membrane fusion (5). F-virosomes incubated with 6 M urea solution lead to the dissociation of the 45K protein (Fig. 6a, lane 3) . The 45 K protein could also be dissociated from Sendai virus by similar treatments (data not shown). Urea (3 M), KCl (1.0 M), EDTA (10 mM [pH 10]), and freeze-thaw cycles failed to dissociate F-45K complex from the virosomal and viral membrane. Such 45K-deficient F-virosomes exhibited markedly lower proteolytic activity (Fig. 6b) . During reconstitution, the 45K protein reassociated with the F protein to a significant extent, as revealed by SDS-PAGE (Fig. 6a, lane 4) and virosomes regained their proteolytic activity significantly (Ͼ75% of the original activity) (Fig. 6b) . Sendai virus also followed a similar trend in terms of hemolytic activity (70% of the native activity) (Fig.  6c) . The data obtained with intact virus emphasize the role of the 45K protein in fusion (which is directly related to hemolysis) in the presence of the natural attachment protein of the virus (HN). Taken together, these data indicate that the 45K protein is an extrinsic membrane protein which is associated tightly with the F protein by noncovalent hydrophobic interactions and that its presence, along with F protein, is essential for the proteolytic and hemolytic (fusion) activities of the F protein.
Temperature dependence of the appearance of the 45K glycoprotein in the Sendai virus membrane. Sendai virus grown at 38.5 or 40°C showed a considerable decrease in the amount of the 45K glycoprotein compared with that of its normal counterpart (grown at 37°C); this was reflected in both the intact viruses and their corresponding F-virosomal preparations (Fig. 7a) . The 45K-deficient Sendai viruses contained normal amounts of all other proteins as checked by the hemagglutination titer, SDS-PAGE (Fig. 7a) , and Western blotting, with anti-whole Sendai virus antiserum (data not shown). Such deficient virus stocks were completely devoid of infectivity. Fvirosomes prepared from Sendai virus grown at higher temperatures of propagation exhibited markedly lower (Ͼ80% decrease) proteolytic activity (Fig. 7c ) compared to those from virus grown at the normal temperature (37°C). Moreover, Sendai virus grown at temperatures higher than 37°C showed a profound decrease (Ͼ90%) in membrane fusion activity (Fig.  7b) , as assayed by a direct fusion assay, despite having cleaved F (F 1 and F 2 subunits). The data obtained with intact virus correlate with those obtained with F-virosomes, emphasizing the importance of the 45K protein in the fusion process in its natural environment. Also, it shows that the cleavage of F 0 to F 1 and F 2 is not sufficient for virus to become fusion active.
Effect of limited proteolysis of the target membrane on its fusion with Sendai virus. HRBC, treated with proteinase K, exhibited a significant reduction in hemolysis with increasing times of incubation at 37°C. About 50% inhibition of hemolytic activity was obtained within 30 min of incubation (compared with untreated control cells) when HRBC were incubated with 2 g of Sendai virus, while incubation for 2 h led to more than 80% inhibition (Fig. 8) . However, the binding activity, in terms of the hemagglutination titer, remained unaltered (about 2 9 ). N-terminal sequence homology. The N-terminal 11-aminoacid sequence of the 45K protein was determined and then subjected to a sequence homology search. It did not show appreciable homology to any region of the sequences of known Sendai virus or host proteins but exhibited a remarkable (Ͼ90%) homology to a highly conserved sequence in the serine protease domain of the flavivirus NS3 proteins ( Table 1 ). The ninth amino acid, histidine, is considered to be a part of the putative catalytic triad. Origin of the 45K glycoprotein. From the N-terminal sequence of the 45K glycoprotein, oligonucleotides corresponding to the mRNA (oligonucleotide 1) and its complementary sequence (oligonucleotide 2) were designed. Both the oligonucleotides hybridized specifically with the genomic DNA from the host cells (CAM from 10-day-old chicken eggs) (Fig.  9A , dots 4 to 7, and Fig. 9B, dot 3) , while total RNA from CAM hybridized only with oligonucleotide 2 (Fig. 9B, dots 1  and 2 ). On the other hand, genomic RNA from Sendai virus exhibited no hybridization signal with either of the oligonucleotides (Fig. 9A, dots 8 and 9 , and Fig. 9B, dot 4) , indicating that the gene coding for the 45K protein resides in the host cells and not in the viral genome. Hybridization signals were also obtained with genomic DNA samples from HeLa and MDCK cells (data not shown). DNA samples from lambda bacteriophage and herring sperm were used as negative controls (Fig. 9A, dots 1 to 3 ).
Primer extension with total cellular RNA from uninfected CAM, MDCK and HeLa cells, and infected CAM with oligonucleotide 2 (antisense) (Fig. 9C, lanes 6 to 9) and negative-stranded Sendai virus RNA with oligonucleotide 1 (sense) (Fig. 9C, lane 5) , using M-MuLV reverse transcriptase, resulted in extended products ranging from 200 to Ͼ764 bases with all the RNA samples except viral genomic RNA. Appropriate controls (Fig. 9C , lanes 2 to 4) were used to justify the primer, RNA, and enzyme dependence of the extended cDNA products.
DISCUSSION
Nearly two decades have elapsed since the early proposition about the involvement of hydrolytic enzymes, especially proteases, in the process of enveloped virus-cell fusion (29) . Although Israel et al. (21) reported such proteolytic activity in intact Sendai virus particles or with their reconstituted envelopes (F-and HN-virosomes) and studied its involvement in virus-membrane fusion, a detailed molecular characterization of the protease, in terms of the structure-function relationship, has remained unexplored. The role of the virus-associated proteases was surmised for the hydrolysis of cell surface glycoproteins for unmasking of the targeted phospholipid bilayer to the action of the viral fusion factor following a tight attachment. A similar role has been recently postulated for muscle cell fusion during the formation of multinucleated myotubules (42) . In this regard, the metalloproteinase domain of meltrin-␣ (a transmembrane protein) is believed to promote cell-cell interactions, leading to membrane fusion by degrading some extracellular matrix. We have recently shown that F-virosomes (prepared from Sendai virus grown in the allantoic sac of 10-to 11-day-old embryonated chicken eggs at 37°C) can bind and fuse to hepatoblastoma cells (HepG2 cells) in culture (and liver cells in vivo) through a strong interaction between the terminal galactose moiety of F protein and asialoglycoprotein receptor on the membrane of the HepG2 (liver) cells (5) (6) (7) 9) . It has also been observed that HN glycoprotein is not essential for F-induced membrane fusion, provided that F can be tightly bound to the target membrane, either through a heterologous membrane ligand like influenza virus hemagglutinin (8) or through carbohydrate-carbohydrate interactions (23) , and that Sendai virus and F-virosomes treated with PMSF and APMSF (specific serine protease inhibitors) failed to catalyze membrane fusion.
To explore the mechanism underlying the inhibition of membrane fusion by PMSF and APMSF, we initiated systematic electrophoretic analysis of F-virosomes as well as their proteolytic activity. By using the improved molecular sieving properties (26) of classical Laemmli SDS-PAGE (10% gels) under reducing conditions, two Coomassie blue stained bands, 45K and 14K, were visualized (Fig. 1A, lane 2) , which correspond to the F 1 and F 2 subunits of F protein, respectively (35) . On the other hand, under nonreducing conditions, two bands of 60K (accounting for intact F protein) and 45K were observed (Fig. 1A, lane 1) . The Western blot pattern (Fig. 1B) and autoradiograph (Fig. 1C) under similar nonreducing conditions also reveal the additional 45K band. This 45K band remained unnoticed, because it comigrated with the F 1 band in the presence of reducing reagents. This notion is strengthened by the protein profile of purified Sendai virus, whereby a distinct band corresponding to M r 45,000 is visible under nonreducing conditions (Fig. 2) . Further evidence regarding the . The supernatant of the urea treated F-virosomes, taking that of untreated ones (in PBS) as the control, was dialyzed against PBS to remove urea and added back to treated F-virosomes. Control F-virosomes (PBS treated) and those treated and reconstituted as above were incubated with identity of the 45K band as distinct from F 1 comes from isoelectric focusing, which revealed that its pI was 3.7 (Fig. 3) . This is at variance with the reported value (36) for F protein (pI 4.9). The glycoprotein nature of the 45K species and the presence of the terminal ␤-galactose moiety in its oligosaccharide chain were confirmed by PAS staining (Fig. 4B) and Western blotting with anti-RCA l antibodies (Fig. 4A) , respectively. The unique identity of the 45K protein is bolstered by the absence of a cross-reaction between polyclonal antisera against F and 45K alone and the failure of anti-F monoclonal antibod- 
a Aligned sequence of the N-terminal 11 amino acids of the 45K protein and flavivirus NS3 protein serine protease domain.
b Abbreviations for the names of the viruses: JEV, Japanese encephalitis virus; KUN, Kunjin virus; MVE, Murray valley encephalitis virus; WNV, West Nile virus; DEN2, Dengue virus type-2; DEN4, Dengue virus type-4; YF, Yellow fever virus; TBE, tick-borne encephalitis virus (viral sequences are taken from the review by Chambers et al. [13] ).
c Numbers refer to the distance of the first residue shown from the N termini of the proteins.
d The amino acid component (histidine) of the putative catalytic triad.
ies to bind to the 45K protein (Fig. 5) . These data indicate that the 45K glycoprotein is an integral constituent of the Sendai viral membrane distinct from F protein. We have demonstrated a significant level of proteolytic activity in F-virosomes (Fig. 6b) with both the F and 45K glycoproteins, comparable to that observed in the Sendai virus and its reconstituted envelopes (F-and HN-virosomes) previously (21) . A pH optimum of 7.0 Ϯ 0.5 and a maximal activity at 37°C conform to the conditions required for virus-cell interactions (5). Moreover, the APMSF sensitivity of the F-virosomeinduced 125 I-histone degradation, in addition to PMSF and heat-induced inhibition, supports its serine protease nature. Similar treatments are known to inhibit the viral hemolytic and fusogenic activities (5) . The extent and nature of association of the 45K protein with the F-virosomal membrane and its effect on the observed protease activity were examined by treatment with agents which dissociate proteins from the cell surface. Agents eluting peripheral proteins from erythrocyte membranes while leaving the lipid bilayer intact (12) were unable to dissociate the 45K protein from F-virosomes. While treatment with 3 M urea-1 M KCl-10 mM EDTA and freeze-thaw cycles had no effect on the proteolytic activity of F-virosomes, 6 M urea led to a complete loss of this activity (Fig. 6b) . Western blot analysis of such urea-treated F-virosomes showed the absence of the 45K glycoprotein (Fig. 6a, lane 3) . Also, the F-45 K complex is SDS unstable, as shown by its ability to dissociate into its components even in the absence of sample heating (reference 17 and data not shown). The ability of urea (6 M) and SDS to dissociate the 45K protein has suggested that it has a peripheral location tightly bound to F polypeptide by noncovalent hydrophobic interactions. This contention is justified on the basis of the general theory that while peripheral membrane proteins are easily eluted by such treatments, integral membrane proteins, like F protein, remain unaffected (12) . This is further supported by electron microscopic studies which showed the presence of only two types of spikes on Sendai virus membrane corresponding to the F and HN glycoproteins (1) . Moreover, reconstituted F-virosomes were found to regain their proteolytic activities (Fig. 6b) as a result of reassociation of its 45K counterparts (Fig. 6a, lane 4) . Similar trends were observed in reference to the hemolytic activity of intact Sendai virus (Fig. 6c) . These data strongly suggest that an F-45K complex-associated serine protease activity is required for the process of virus-cell fusion.
In Sendai virus grown at temperatures higher than 37°C, the 45K protein was absent but the F and HN glycoproteins were produced in normal amounts (Fig. 7a) . Such 45K-deficient virus was found to agglutinate HRBC with titers comparable to that of the normal virus (grown at 37°C) but exhibited remarkably decreased membrane fusion (Fig. 7b ) and hemolytic (data not shown) activities. It is interesting that although such 45K-depleted F-virosomes bind specifically to HepG2 cell membrane, they fail to fuse with it (9a). In addition, F-virosomes prepared from such viruses showed a decrease in the protease activity (Fig. 7c) , which correlates with the fusion data obtained from intact virus. These observations underscore the role of 45K glycoprotein in conjunction with F protein in biological membrane fusion. These results further confirm the indispensability of the 45K protein in catalyzing membrane fusion. Taken together, these results also suggest that proteolysis and membrane fusion properties are complementary to each other. These findings also validate a longspeculated (20, 29) enzyme function associated with the F glycoprotein of Sendai virus.
The limited proteolysis of the target cell membrane (HRBCs) with proteinase K led to its decreased susceptibility to fusion (exhibited by lower hemolysis) (Fig. 8) but did not affect the binding with virus (shown by unaltered hemagglutination), strongly suggesting the existence of a poorly characterized proteinaceous membrane component (substrate for protease) through which the F-45K complex could associate and lead to the fusion process as depicted in Fig. 10 . This is in agreement with a previous observation that proteolytic cleavage of RBC membrane components occurs during Sendai virus-induced hemolysis (29) .
The N-terminal 11-amino-acid sequence of the 45K protein (Table 1 ) exhibited no homology to any known Sendai virus protein sequences or to those of the host cell proteins (chicken). However, the 45K N-terminal sequence exhibits a strong homology to the N-terminal region of several flavivirus NS3 proteins (Table 1) known as serine proteases (13) . Furthermore, the ninth amino acid, histidine, of the sequence is identical to that of other flavivirus NS3 proteins, which is considered to be a part of the putative catalytic triad of serine proteases. NS3 serine protease is known to be required for hepatitis C virus polyprotein processing during its replication and maturation (37) . An analogous role for the 45K protein is improbable in the context of our present knowledge of paramyxovirus biology. However, this homology certainly upholds our belief that the F-45K complex is a serine protease.
To determine the origin of the 45K protein, degenerate oligonucleotides, corresponding to the sense (oligonucleotide 1) and antisense (oligonucleotide 2) sequences were synthe- sized. Oligonucleotide 1, which is same as the sense sequence of the gene encoding the 45K protein, failed to hybridize with the negative-strand Sendai virus genomic RNA (Fig. 9B, dot  4) . On the other hand, both oligonucleotides 1 and 2 (antisense sequence) hybridized efficiently with the genomic DNA of CAM (host cells) (Fig. 9A , dots 4 to 7 and 9B, dot 3). Moreover, oligonucleotide 2 hybridized with the total cellular RNA from the host cells (Fig. 9B, dots 1 and 2) . These results point toward a host origin of the 45K protein. Since hybridization signals were also observed with other host DNA samples, namely, from HeLa and MDCK cells, we conclude that this protein may be ubiquitous in nature. This contention is further supported by the observation that culture-grown Sendai virus (in MDCK cells) also exhibits a protein of 45K in its membrane analogous to its corresponding counterpart from egg-grown virus. The primer extension with these oligonucleotides plus the host total RNA or viral genomic RNA exhibited extended products for host RNA samples but not for viral RNA (Fig.  9C) , further strengthening the notion of its host origin. Total cellular RNA from uninfected cells also yielded extended products, although the intensity of these bands was lower than that of bands due to RNA from infected cells (Fig. 9C) . This leads to the conclusion that the 45K protein is a host protein produced normally to carry out some unknown host cellular process and that its synthesis by the host cells is increased during Sendai virus infection. Since virus/virosome-cell fusion events are closely related processes (10) ; this conforms to the notion that this protein is essential for the infectivity of the virus produced.
Although Rapaport and Shai (32) have described the fusion of liposomal membranes induced by synthetic fusion peptides corresponding to a sequence of Sendai virus F protein, such studies do not necessarily reflect a biologically relevant fusion process. Moreover, collective data suggest that enveloped viruses with pH-independent fusion activity may require host cell factors distinct from the virus receptor for optimal fusion (40) . In support of this notion, a recent review (25) has speculated on the role of a putative target membrane receptor, "maybe a cellular protein," in the docking of F protein as a prelude to a conformational change required for fusion. However, the molecular trigger for this conformational change is difficult to comprehend (10) . The 45K protein being held tightly with the F protein through hydrophobic interactions may account for the stability of the F-45K complex on the viral surface as well as may act as "trigger" for the required fusion-active conformational change at the right place and at the right time (Fig.  10 ). This proposed model conforms to our earlier observation that fusion between membranes of Sendai virus and erythrocyte ghost occurs at a 30-fold-higher rate than with liposomes (34) . Here, too, some unidentified target membrane component (protein factor X) was postulated to play a vital role in biologically significant Sendai virus-induced membrane fusion. The results of our present study on the reduction of hemolysis The target cell membrane has a large number of different proteins, one of which is the putative substrate for the F-45K protease (stage 1). The docking of the F-45K protease with its substrate on the target membrane (stage 2) is the first step in the fusion process. This leads to proteolytic digestion of the substrate proteins by the F-45K protease, creating a protein-free zone in the target membrane and simultaneously triggering a conformational change in the F-45K complex (stage 3). Subsequently, the hydrophobic fusion peptide of the F 1 subunit, which is now exposed, inserts into the target cell membrane, leading to the melding of the two lipid bilayers (stage 4). Docking of the proteolytic complex with its substrate on the target membrane may be the possible trigger for the conformational change in the F protein exposing the fusion peptide and subsequent membrane fusion.
(not hemagglutination) of proteinase K-treated HRBCs strongly suggest the existence of a putative coreceptor through which the F-45K complex could associate by virtue of being a protease (Fig.  10 ). An analogous model has been postulated whereby host proteins associated with the HIV envelope form an "adhesion patch" preceding the virus-cell fusion (4). This is further bolstered by the observation that molecules other than CD4 may be required for membrane fusion induced by the HIV-1 envelope (15, 16) . Membrane fusion is believed to be triggered by the docking of this F-45K complex to some target membrane protein component via a putative protease-substrate interplay. Protease activity of the F-45K complex may be held responsible for the simultaneous removal of surface glycoproteins and the concomitant exposure of the "fusion peptide" of F protein to permit fusion between apposing lipid bilayers. This process is independent of the binding of intact virus to the target membrane through HN protein, as exhibited by inhibition of fusion (hemolysis) but not hemagglutination with proteinase K-treated HRBCs (Fig. 8) . Overall, this process may be considered analogous to the dissociation of gp120 from HIV-1 virions induced by CD4 binding, which finally leads to the fusion-active conformational changes in gp41 (16) . The detailed molecular mechanism of membrane fusion, in the light of this 45K moiety, can now be addressed. It will be of interest to check for 45K analogs in other members of the paramyxovirus family.
